North American desert rodents in the family Heteromyidae live in an unpredictable environment characterized by extremes in temperature and food availability; therefore, the ability to hoard food is a vital adaptation. Although much laboratory research has investigated food-hoarding tactics of heteromyid rodents, data from natural systems are scarce. We used a combination of fluorescently labeled seeds and observations of focal individuals to evaluate food-hoarding behavior in wild Merriam's kangaroo rats (Dipodomys merriami) living in different competitive environments. There was considerable individual variation within populations in the tendency to larderhoard seeds in a burrow versus scatterhoard seeds in widely dispersed locations. However, Merriam's kangaroo rats living in a system where competitors were predominately conspecific scatterhoarded more than those living in a system where conspecifics were less abundant and heterospecific competitors also were present. Also, pilferage was more common between Merriam's kangaroo rats than across species. Comparisons of food hoarding between communities with different species composition indicate that intraspecific variation in behavior may be associated with variation in competitive environments.
The coexistence of desert rodent species in the family Heteromyidae has long perplexed community ecologists (Randall 1993) . Six or more granivorous species can coexist while relying on the same limited seed sources (Kotler and Brown 1988) . Heteromyids have broad dietary niches (Reichman 1975) , similar seed preferences (Price 1983) , and competition is strong-removal of 1 or more species is followed by an increase in density of remaining species (see Brown and Harney [1993] and Kotler and Brown [1988] for reviews). Food availability may underlie this competition, which may be particularly important in years of low seed productivity. If heteromyids frequently encounter years of low food resource availability, as would be expected in variable desert environments, how can several species continue to coexist?
Food hoarding is an adaptation that gives animals some control over food availability (Vander Wall 1990) . Because desert rodents live in an unpredictable environment where food is often limited, this adaptation is vital. Heteromyid rodents may employ 1 of 2 food-hoarding tactics, or exhibit a combination of both. Larderhoarding involves storing food items, often in large quantities, at a centralized location such as a burrow (Jenkins and Breck 1998; Vander Wall 1990) . Scatterhoarding involves making small caches of food items in numerous subsoil locations throughout an individual's home range (Jenkins and Breck 1998; Vander Wall 1990) . Each of these tactics has costs and benefits. Larderhoarding provides convenient access to large quantities of food, but leaves the larder vulnerable to catastrophic loss if the individual is unable to defend it from pilferers (Clarke and Kramer 1994b; Hurly and Lourie 1997; Stapanian and Smith 1978; Vander Wall and Jenkins 2003) . Scatterhoarding may reduce this risk through widely dispersing food items (Clarkson et al. 1986; Daly et al. 1992; Leaver 2004; Smith 1978, 1984; Vander Wall 1990) , but incurs costs of increased energy use associated with cache recovery (Stapanian and Smith 1978; Vander Wall 1990) , predation risk (Daly et al. 1990) , and spatial memory (Anderson and Krebs 1978; Jacobs 1992; Rebar 1995; Timberlake and Hoffman 2002; Vander Wall 1991 , 2000 . Moreover, scatterhoards also are pilfered by competitors (Clarke and Kramer 1994a; Daly et al. 1992; Leaver 2004; Leaver and Daly 2001; Preston and Jacobs 2001; Suhonen and Inki 1992; Vander Wall 1990; Vander Wall and Jenkins 2003) . There is little empirical evidence to suggest which costs are more important or what role these trade-offs play in determining which species employ either tactic. Because both the intraspecific and interspecific competitive environment may fluctuate annually, relative costs and benefits of the 2 foodhoarding tactics also may fluctuate, resulting in variation in the use of each.
Previous investigations of heteromyid coexistence have focused on interspecific variation in abilities to exploit resource heterogeneity caused by environmental factors such as microhabitat (Brown 1989; Price 1978; Price and Waser 1985) . More recently, Jenkins and Breck (1998) and Price et al. (2000) suggested that differences in food-hoarding tactics among heteromyid species may help explain coexistence. Furthermore, Price and Mittler (2003) modeled the ability of seed exchange to promote coexistence in heteromyids through caching and differential recovery. Intraspecific competition also may be reduced if individuals within a species employ a variety of tactics. Jenkins and Breck (1998) found considerable individual variation in tactics used in some species, such as Merriam's kangaroo rats (Dipodomys merriami). In addition, Price et al. (2000) tested 8 heteromyid species in laboratory experiments and found that all but 1 species both larderhoarded and scatterhoarded provisioned seeds. Although numerous researchers (Jacobs 1992; Jenkins and Breck 1998; Jenkins and Peters 1992; Jenkins et al. 1995; Leaver and Daly 1998; Preston and Jacobs 2001; Price et al. 2000) have examined heteromyid food-hoarding behavior in the laboratory, there are few such studies of heteromyids in nature. First, we wanted to determine whether wild Merriam's kangaroo rats would exhibit the same variation in food-hoarding behavior as laboratory animals. Second, we tested the idea that variability in food-hoarding behavior was sensitive to the local competitive environment by measuring food-hoarding behavior of individuals at sites that differed in heteromyid densities and species composition.
We predicted that if abundance or type of competitor (heterospecific or conspecific) influenced food-hoarding behavior of Merriam's kangaroo rats, then we would see a difference in food-hoarding tactic between sites differing in competitive environment. Because we did not know how Merriam's kangaroo rats evaluate potential trade-offs between tactics, we could not confidently predict which tactic would be favored at each site. Therefore, we proposed several hypotheses. First, if Merriam's kangaroo rats live in an environment where the density of competitors is relatively high and most competitors are conspecifics or members of aggressively dominant species, then scatterhoarding should predominate over larderhoarding because successful defense of food in a burrow is unlikely. Second, it is possible that considerably larger kangaroo rats may not be able to enter burrows of Merriam's kangaroo rats. Therefore, if most competitors are much larger than D. merriami, larderhoarding should predominate. Third, if the density of competitors is relatively low, regardless of type of competitors present, larderhoarding should predominate over scatterhoarding. Fourth, if the density of competitors is high and most competitors are pocket mice (Chaetodipus and Perognathus), which are smaller, a clear prediction about propensity to larderhoard versus scatterhoard is not possible. Although Merriam's kangaroo rats should be able to defend larders from considerably smaller pocket mice, the latter can easily enter their burrows and may be capable of pilfering from unattended larders. Daly et al. (1992) and Leaver and Daly (2001) showed that cache pilferage is likely, so we attempted to quantify it in this study. Studies using artificial caches have reported removal (pilferage) rates of 26-40% per day (Vander Wall and Jenkins 2003) . Frequency of pilferage may not only affect the most common caching tactic used by Merriam's kangaroo rats at different sites, but may also influence the food-hoarding tactic used by different individuals within a population (Clarke and Kramer 1994a) . Given the expected ecological similarity of cache placement among conspecifics, we predicted that pilferage should occur more frequently between conspecifics than between heterospecifics (Suhonen and Inki 1992) . Based on previous work by Daly et al. (1992) and Leaver and Daly (2001) , we also predicted a high frequency of pocket mice pilfering from Merriam's kangaroo rats.
In addition, kangaroo rats in different competitive environments might distribute scatterhoards differently in space. Individuals living in areas where competitors are primarily conspecifics (and pilferage likely is high) should distribute scatterhoards across a wider area to reduce the likelihood of a pilferer finding multiple caches while searching a small area. Animals that primarily larderhoard or live in areas where competitor density is low might not need to distribute scatterhoards as widely (Stapanian and Smith 1978) .
MATERIALS AND METHODS
Description of study sites.-This study was conducted at 2 sites in northwestern Nevada that differed notably in rodent communities, despite close spatial proximity. Both sites were located near Fernley, Nevada, and were generally characterized as Great Basin shrub steppe habitats (Holland et al. 1999) . The 1st site, Hot Springs Mountains (HSM) was located at 398429100N, 119803931.90W, approximately 14 km east of Fernley, Churchill County, Nevada, at an elevation of 1,250 m on the western slope of the Hot Springs Mountains. The substrate was uniformly coarse (1.0-0.5 mm in diameter; United States Department of Agriculture system -Foth 1990:23) , frequently unstable sand of varying depths. This area supports a variety of desert shrubs including Sarcobatus vermiculatus baileyi, Atriplex confertifolia, A. canescens, Kochia americana, Psorothamnus polydenius, Tetradymia spinosa, and T. tetrameres (Longland et al. 2001) . The invasive exotics barbed-wire Russian thistle (Salsola paulsenii) and cheatgrass (Bromus tectorum) were occasional and the native bunchgrass Indian ricegrass (Achnatherum hymenoides) was common. Merriam's kangaroo rat was the only heteromyid species consistently present at HSM. These were calculated by summing the total number of individuals captured at a site at any time during the May-September field season and the number of individuals caught both before and after but not during those 5 months (Slade and Blair 2000) . We then calculated a mean MNKA value for each species at each site during the summer months.
Assessing food-hoarding behavior.-We examined variation in food-hoarding behavior of Merriam's kangaroo rats using field trials of focal individuals conducted during May-September of 2001 and 2002. Using a modified version of the method described by Longland and Clements (1995) , 1 Merriam's kangaroo rat at a time was presented with 10.0 g of hulled millet seeds that had been shaken with approximately 2.0 g of fluorescent pigment (Radiant Color, Richmond, California) and placed in a petri dish in the center of a rectangular (50 Â 40 Â 2 cm) cafeteria tray filled with fluorescent pigment of a contrasting color. Trays were placed strategically at trap stations where Merriam's kangaroo rats had commonly been caught, but at least 10 m away from known burrow locations. While animals harvested the seeds, their hind legs and tail became coated with pigment from the tray. Their forepaws and facial area became coated with the seed color. As the kangaroo rat left the seed source, its fluorescent footprints left a trail that was followed using a handheld, ultraviolet-emitting blacklight (UVP, Inc., San Gabriel, California). Only 1 kangaroo rat was allowed to harvest seeds from any given tray; if a nonfocal individual appeared while the focal animal was away from the tray, the observer scared the animal away by tossing sand at it. Once all seeds had been removed from the tray, we attempted to trap the focal animal and immediately used the ultraviolet light to locate all caches. Scatterhoards were located by the presence of seed (and forepaw) color on the surface of the sand and were easily verified by excavation. Each scatterhoard was excavated, weighed, and replaced with 1.0 g (mean cache size for Merriam's kangaroo rats in nature as previously determined by one of us [WSL] ) of seeds of the same color for the pilferage study described below. Seeds were assumed to be placed in a larder when the trail of fluorescent footprints ended at a burrow entrance and both trail and seed colors were evident in the burrow. Burrows were not excavated, because it would have been too disruptive to the animals. Consequently, all analyses of foodhoarding behavior used proportion of seeds scatterhoarded in relation to total amount of seed that was harvested. Although this value could be fairly accurately calculated, it did not allow us to account for seeds eaten. Because laboratory research (as previously noted by one of us [SHJ]) had indicated that intraindividual variation was less than interindividual variation (i.e., repeatability was high), we attempted to obtain repeated measures for as many Merriam's kangaroo rats as possible. Pearson correlations were used to determine repeatability for those animals for which multiple trials were obtained.
We discarded any trial in which seeds from a tray may have been taken by more than 1 animal. Although we watched the tray during the entire trial, it was occasionally difficult to assess the harvester's identity. Additionally, if the animal's identity and sex were not verified through in-hand inspection either immediately before or after the trial, the trial was not included in the analysis. Finally, only trials for which there was no ambiguity about whether all trails had been followed completely to a scatterhoard or burrow were included. We arcsine-transformed the proportion of seeds scatterhoarded and analyzed this using model 1 analysis of variance (ANOVA), with site (NFV and HSM), sex (male and female), and year (2001 and 2002) as factors.
Evaluating cache distribution.-Locations of all seed sources, scatterhoards, and burrows were marked with pin flags, and we used a Garmin Etrex Vista handheld global positioning system (GPS) unit (Garmin International, Inc., Olathe, Kansas) to take 1-6 fixes for each point. We then took the mean of the coordinates for each source, scatterhoard, or burrow; there was no difference between distance estimates calculated using mean GPS coordinates and ground-truthed measurements (Student's t-test: t ¼ 0.052, d.f. ¼ 33.9, P ¼ 0.959) and the mean (6SD) GPS error was 1.53% (69.65%). We used mean GPS coordinates to calculate the distances from the source tray to each cache or burrow location, from each burrow to each cache, and between all pairs of caches for each trial. We then calculated, as response variables for statistical analyses, mean source-to-cache distance, cache dispersion distance, source-to-burrow distance, and burrow-to-cache distance for each subject. We had sufficient sample sizes to analyze the source-to-cache distances using model 1 ANOVA with site (NFV and HSM), sex (male and female), and year (2001 and 2002) as factors. Because sample sizes were inadequate to test interaction effects for cache dispersion distance, we used a model 1 ANOVA with these main factors but no interaction terms. Documentation of pilferage.-We opportunistically assessed pilferage events by collecting fecal samples from all animals captured during trapping sessions that occurred within 7 days of 1 or more food provisioning trials. Fecal samples were placed in labeled vials, frozen to prevent degradation, and later examined under UV light for presence of fluorescent pigment. We fed fluorescently labeled millet seeds to captive heteromyids (Dipodomys and Perognathus spp.) and verified that pigment was present in fecal samples for at least 72 h after an animal ingested 0.5 g of seeds. Each field-collected sample was compared to standard samples of known color produced by captive animals. Only those fecal samples that could be positively identified as having fluorescent pigment of a known color were included in the analysis. Fluorescent pigment also is readily observable on the fur of an animal under daylight conditions. We were able to observe some instances of pilferage by trapping animals that had fluorescent color inside their cheek pouches even though they had not been focal individuals in food-hoarding trials. Both methods allowed us to assess the identity of the pilferer as well as which Merriam's kangaroo rat had its caches pilfered. Unfortunately, because of logistical constraints, we were unable to collect pilferage data during summer 2002. Because rodent community composition was different at NFV than at HSM, we analyzed the 2 sites separately. We could not evaluate differences in pilferage between species at HSM, because D. merriami was the only species commonly present at that site. We analyzed the data from the NFV sites using a 3-way contingency (Fig. 1) .
Food-hoarding behavior.-We conducted 59 trials to assess food-hoarding behavior of Merriam's kangaroo rats at the 3 sites, but only 21 trials met all criteria for analysis (7 at NFV 1, 4 at NFV 2, and 10 at HSM). Some individuals successfully completed 2 trials; a mean of their performance across those 2 trials was used in the analysis. Because no difference was found in proportion of seeds scatterhoarded between trials conducted on the 2 grids at NFV (F ¼ 0.10, d.f. ¼ 1, 12, P ¼ 0.76), we combined the trials from those grids for the final analysis. Merriam's kangaroo rats at HSM scatterhoarded a significantly greater proportion of seeds than those at NFV (F ¼ 5.58, d.f. ¼ 1, 13, P ¼ 0.03; Fig. 2) . No difference was found between sexes (F ¼ 0.43, d.f. ¼ 1, 13, P ¼ 0.52) or years (F ¼ 0.044, d.f. ¼ 1, 13, P ¼ 0.84) in mean proportion of seeds scatterhoarded, nor were any interaction terms significant (P ! 0.28 in all cases).
Cache distribution.-We had cache distribution data for 20 of the food-hoarding trials (Table 1) . Eight of these trials were of kangaroo rats that completed 2 trials, and therefore means of their mean distances for each trial were used in the analyses. No differences were found in either of the cache distribution variables between NFV 1 and NFV 2, so the trials from these grids were combined. Site (NFV and HSM) did not significantly affect mean source-to-cache distance (F ¼ 1.75, d.f. ¼ 1, 11, P ¼ 0.92) nor were any interaction terms significant (P ! 0.07 in all cases). Females placed caches further from source trays than did males (F ¼ 5.07, d.f. 
Cache dispersion distance did not differ between sites (F
Eight individuals (3 at NFV and 5 at HSM) participated in 2 food-hoarding trials. Food-hoarding tactics used by these kangaroo rats were repeatable (Pearson correlation: r ¼ 0.87, d.f. ¼ 1, P ¼ 0.005) across both trials, which were conducted 11-118 days apart (Fig. 3) . There was also suggestive evidence that cache dispersion tactics used by Merriam's kangaroo rats may have been repeatable (Pearson correlation:
Documentation of pilferage.-We observed 32 cases of pilferage during 2001 (3 at NFV 1, 10 at NFV 2, and 19 at HSM). Because of differences in competitive environments, we analyzed each site separately. At NFV, Merriam's kangaroo rats were more likely to pilfer than were individuals of other species (G ¼ 6.76, d.f. ¼ 1, P ¼ 0.009). Also, pilferage events were more common at NFV 2 than at NFV 1 (G ¼ 6.64, d.f. ¼ 1, P ¼ 0.01). Of the 19 pilferage events observed at HSM, 6 Merriam's kangaroo rats had their caches pilfered by a total of 16 thieves. It appeared that some individuals were more likely to fall victim to pilferage, although this did not seem to be related to the caching tactic the individual originally employed. One female had her caches pilfered by 8 different thieves, and 2 additional females were victims of at least 5 different thieves (Table 2) . No significant effect of sex or site (HSM and NFV) was found on vulnerability to pilferers (G ¼ 1.40, d.f. ¼ 4, P ¼ 0.84).
DISCUSSION
Individual Merriam's kangaroo rats differed greatly in their food-hoarding behavior, ranging from being primarily larderhoarders to nearly exclusively scatterhoarders, and they were consistent in this behavior (Fig. 3) . Despite relatively low sample sizes and high individual variation within sites, we observed a significant difference in food-hoarding behavior between the HSM and NFV sites. Although we focused on the difference in competitive environment between the HSM and NFV sites, a variety of site traits (e.g., predator community, soil type, and food resource availability) may have influenced foodhoarding behavior. We did not attempt to quantify predator density at any of the sites, but anecdotal evidence (scat and visual observations) and the relatively close proximity of the sites to one another suggest that composition of the local predator communities was similar. The only nocturnal predators regularly apparent were coyotes (Canis latrans) and kit foxes (Vulpes macrotis), which often left fresh scat and urine marks on traps at all sites. In addition, the differences in substrate between the HSM and NFV sites, which was primarily sand at both sites, should have minimal impact on the ability of animals to make scatterhoards; both scatterhoarding and larderhoarding were observed at all sites. However, differences in site substrate may impact cache turnover in ways that were not explored in this study. Availability of food probably varied more between years than between sites and is discussed further below.
Although a number of factors may influence food-hoarding behavior at these sites, it was impossible to investigate them all within the scope of this study. However, we did investigate the competitive environment and documented differences between sites and years ( Fig. 1) . At NFV the total number of individuals of all species more than doubled from 2001 to 2002 (Fig. 1 ), yet there was no effect of year on proportion of seeds scatterhoarded. If the behavioral differences observed were a response to differences in the competitive environment, they likely were a response to composition of the competitive environment, rather than the abundance of competitors.
Cache distribution did not seem to be affected by competitive environment. However, year and sex had an effect on spatial distribution of scatterhoards. Females placed scatterhoards farther from seed sources than did males. Females may be willing to travel greater distances to optimally space caches in an attempt to reduce pilferage, particularly when they have to meet increased energetic demands while pregnant or nursing. Merriam's kangaroo rats of both sexes placed scatterhoards closer to seed sources in 2001 than in 2002. During 2001, A. hymenoides and B. tectorum (2 of the primary seed resources for heteromyids at these sites) did not produce seed at either site. However, these species, as well as shrubs and some native forbs, produced seeds at both sites in 2002. Shorter source-tocache distances in 2001 may represent a form of rapid sequestering (Jenkins and Peters 1992) in which animals cache seeds rapidly and close to the source to minimize loss to competitors. This behavior probably was more advantageous in a year when natural food resources were scarce.
We were not able to directly test the role of pilferage in foodhoarding behavior, but we did observe that pilferage between Merriam's kangaroo rats was common regardless of competitive environment. Previous research (Jenkins and Breck 1998; Leaver and Daly 2001; Price et al. 2000) has suggested that coexistence of heteromyids may be facilitated by differences in the ability to exploit seed resources through initial harvest and caching versus pilfering seeds that have already been processed (Price and Mittler 2003) . It is likely that instances of pilferage also affect an individual's decision to scatterhoard or larderhoard (Preston and Jacobs 2001) . It is not surprising that pilferage between conspecifics was common in our study, because conspecifics are likely to have similar caching and food-searching patterns (Suhonen and Inki 1992) . It may be that as available food resources are depleted, foraging becomes a matter of finding existing seed caches rather than relying on recently fallen seeds or those available in the soil. What was surprising was the paucity of observed interspecific pilferage events and that we did not observe any pilferage by P. longimembris. Our assessment of pilferage was opportunistic; we only collected feces during our regular monthly trapping sessions. Consequently, only a subset of our trials was assessed for potential pilferage. However, the trends we observed warrant more systematic exploration. We were particularly surprised that there does not seem to be a difference in observed pilferage events between those kangaroo rats that scatterhoarded and those that larderhoarded. Unfortunately we were not able to follow the fate of provisioned seeds beyond their initial placement in a scatterhoard or burrow and we do not know to what extent or how frequently seeds are moved to new locations before they are discovered by a pilferer.
It may be difficult to distinguish effects of competitive environment versus pilferage on food-hoarding tactics, because a large portion of competition over food resources may manifest itself in the form of pilferage. The high level of conspecific pilferage we observed may make larderhoarding a risky tactic when density of conspecifics is high. This is supported by our finding of higher propensity to scatterhoard at HSM where conspecifics were the primary competitors. Because kangaroo rats in this population may have been unable to adequately defend burrows, and because seed exchange between conspecifics may occur through reciprocal pilferage of scatterhoards (Vander Wall and Jenkins 2003) , scatterhoarding may have been the better tactic at HSM. Conversely, a higher propensity to larderhoard was observed at the NFV sites where competitors were more diverse and often were primarily pocket mice. If heterospecific larderhoarding competitors pilfer from Merriam's kangaroo rats that primarily scatterhoard, those pilfered seeds (presumably moved to heterospecific competitor burrows) may no longer be available to Merriam's kangaroo rats. In this scenario, reciprocal pilferage is less likely. Although some level of seed exchange through both pilferage and scavenging of caches (e.g., left after an individual dies) may promote coexistence of heteromyid species (Price and Mittler 2003) , individuals are likely to employ tactics that minimize this interspecific exchange.
Laboratory studies have shown that many heteromyid species both scatterhoard and larderhoard seeds (Jenkins and Breck 1998; Price et al. 2000) . This study showed that wild Merriam's kangaroo rats also exhibit a continuum of foodhoarding tactics ranging from pure larderhoarding to pure scatterhoarding. The tendency of individuals to fall on one end of this continuum or the other may be explained, in part, by the competitive environment. Absence of a species-specific foodhoarding tactic in Merriam's kangaroo rats may be explained by a competitive environment that fluctuates both spatially and temporally, and the fact that Merriam's kangaroo rats are intermediate in size among heteromyids. They are larger than pocket mice and kangaroo mice (Microdipodops), yet are the smallest kangaroo rats and therefore are likely to have intermediate dominance (Blaustein and Risser 1976; Frye 1983 ), although size may not always predict dominance (Blaustein and Risser 1974) . Coexistence of numerous heteromyid species may be facilitated by behavioral flexibility in food hoarding by 1 or more of the species within a community. If species maintain the ability to alter their food-hoarding tactic in response to the presence or absence of competitors, perhaps no species can be clearly categorized as either a scatterhoarder or larderhoarder. If similar observations are made across various study sites and species it would suggest that food-hoarding behavior may be important in facilitating the coexistence of multiple heteromyid species. Overall, several factors may contribute to minimizing competition among coexisting heteromyid species. Previous studies have shown that bipedal and quadrupedal species forage in distinct microhabitats (see Kotler and Brown [1988] for review) and that pilferage rates differ between some species (Leaver and Daly 2001) . Coexistence may be explained by several mechanisms, including these factors as well as differences in food-hoarding tactic demonstrated in this study. Determining the relative contribution of multiple factors is a challenge for future studies of heteromyid coexistence.
